Based on a series of laboratory tests on precast prestressed T and I beams, the authors propose crack width and deflection formulas for evaluating the serviceability of such members. Several numerical examples show the applicability of the recommended crack width equations.
T he primary objective of this investigation was to study the serviceability of pretensioned prestressed I and T beams through an analytical and experimental investigation of their flexural cracking and deflection behavior up to failure.
Available experimental data on cracking in prestressed concrete members is limited. 1-5 Formulas on crack width prediction from previous researches, in general, were based on two different concepts. The first concept, proposed by Ferry-Borges, 6 Nawy-Potyondy,2 -3 Holmberg,7, 8 and CEB9 is to relate crack width to the stress or strain in the reinforcement.
Another concept, originated by Abeles 1° proposed the crack width to be related to the flexural tensile stress in the concrete. The analytical equations proposed in this investigation are based on the first concept.
Tests on four series were conducted on 20 simply supported beams of 9-ft span and four two-span continuous beams of effective 9-ft spans. The major controlling parameters were the variations in the steel reinforcement percentages of the prestressing tendons and the non-prestressed reinforcement.
The prestressing tendons were 1/4 in. nominal diameter 7-wire strand, 250 ksi elements. The mild steel reinforcement was either #3 or #4 deformed high strength bars of yield strength varying between 79 and 84 ksi and ultimate strength between 100 and 110 ksi. The total steel percentage was varied from 0.17 to 1.08 percent.
This paper proposes analytical expressions for evaluating the crack widths in such members at working and overload loading levels in terms of the controlling parameters. The investigation also correlates the deflection resuits with the expected computed deflections. Several numerical examples are included to show the applicability of the proposed crack width formulas.
Test Program
This section describes the properties of the materials used in the experimental program and gives the details of fabrication of the beam specimens and the testing procedure.
Materials
The mix was proportioned for a nominal 28-day compressive strength of approximately 4000 psi (281 kg/cm2). The water-cement ratio varied between 5.4 and 7.1 gal. per sack of cement. The coarse aggregate used was crushed stone of a/s in. Table 1 .
Uncoated, stress-relieved, 250 ksi sevenwire 1/4-in, strands were used for prestressing. The strand nominal area was 0,0356 sq in. (0.234 cm2) and the material had a unit elongation of 0.65 percent at 70 percent of the ultimate. The material satisfied ASTM A-416 specifications and had a typical stress-strain relation as shown in Fig. 1 . Non-prestressed #3 and #4 deformed bars were used as supplementary reinforcement at the tension side in all specimens except Beams B-1 to B-6. A typical stressstrain diagram for the deformed bars is shown in Fig. 2 . Table 2 gives the details of the reinforcement used for the beams in this test program, and Fig. 3 gives typical cross sections of the test beams.
Fabrication and testing
Twenty single-span and four continuous beams were fabricated i and tested. The simply supported single-span beams were as follows:
(1) Beams B-1 to B-6 were T sections with pretensioned prestressing tendons only.
(2) Beams B-7 to B-18 were also T sections reinforced with both pretensioned prestressed tendons and non-prestressed mild steel. Beams B-21 through B-24 were I sections continuous on two spans reinforced with both pretensioned prestressed tendons and mild steel reinforcement. Straight strand profiles were used in all beams.
For continuous beams, strands were inserted into plastic hoses in the compression regions to achieve zero bond between concrete and strands. Before testing, those strands in the compression regions were cut through to eliminate the effectiveness of strands in these zones.
All beams were 10 in. (25 cm) deep as shown in Table 1 . They were all over-designed to resist diagonal tension. Deformed closed stirrups (#3 bars) at 6 in. (15 cm) center-to-center were used throughout the span for beams with a low tensile steel reinforcement percentage and 4 in. cm) for beams containing a high percentage of tensile reinforcement (see Table 4 ). Pretensioning frames previously designed for the work reported in References 2 and. 3 were used in this investigation. Each frame provided an independent unit with 60,000 lb (13,6 tons) axial capacity.
All reinforcement was instrumented with electric strain gages at critical locations.
Readings were taken of the change in strain at all the necessary stages of pmstressing and loading. In addition, demountable mechanical gages were used to measure the variation of strain on the concrete faces of the beams.
Mechanical dial gages having 2 in. (5 em) travel and 0.001. in, (0.025 mm) accuracy were used to measure the change in Crack spacings of all the developing cracks were also accurately recorded as well as the crack penetration of the principal cracks. For most of the beams, eight to nine increments of load were applied to failure. At the conclusion of each beam test, the concrete control cylinders were tested for both compressive and tensile failure.
Test Results
This section summarizes the test results for effective prestress force, moment capacity, flexural crack widths, and load-deflection data.
Effective prestress and moment capacities
A measurement of the effective prestressing force is necessary to determine the net steel stress for each loading state. The initial prestress varied between 174.1 and 180.6 ksi (12,240 and 12,696 kg/cm2, respectively). The effective prestress correspondingly varied from 138.0 to 148.0 ksi (9701 to 10404 kg/cm2) after deducting anchorage, elastic shortening and creep and shrinkage losses.
The measured external moments, Mc,., producing the first hair crack, is compared to the calculated cracking moment in Table 3 . This table also gives the measured and calculated ultimate moments.
Flexural cracking
Maximum crack widths were measured at the reinforcement level and at the bottom tensile face of the concrete. The spacings of the cracks were meassured an both faces of each beam at each loading stage. These spacings were summarized for each test specimen and the mean crack spacing was calculated. Table 4 gives the mean stabilized crack spacing for load ratios of 50 to 70 percent of the ultimate load. Table  5 gives the measured crack width of the stabilized cracks at the reinforcement levels of the steel closest to the outer fibers for the various stress levels. 
Deflection
Deflection behavior of prestressed concrete structural elements differs from that of reinforced concrete systems. Initial reverse deflection due to prestressing, namely camber, has to be considered. Typical composite net load-deflection relations due to external load are shown in Fig. 4 .
These curves essentially show a trilinear relation. The first stage represents the precracking stage, essentially elastic, the second stage, namely, the post-cracking stage where the deflection of the beam increases faster as more cracks develop, and the third stage denotes the behavior prior to failure. 
Mathematical Model for Evaluating Serviceability
This section describes the mathematical model used to evaluate serviceability based on crack spacing, crack width, and deflection.
Crack spacing
Primary cracks form in the region of maximum bending moment when the external load reaches the cracking load. As loading is increased, additional cracks will form and the number of cracks will be stabilized when the stress in the concrete no longer exceeds its tensile strength at further locations regardless of load increase.
This condition is important as it essentially produces the absolute minimum crack spacing which can occur at high steel stresses, to be termed the stabilized minimum crack spacing. The maximum possible crack spacing under this stabilized condition is twice the minimum, to be termed the stabilized maximum crack spacing. Hence, the stabilized mean crack spacing ad8 is shown to be the mean value of the two extremes.
The total tensile force T transferred from the steel to the concrete over the stabilized mean crack spacing can be defined as:
where f = a factor reflecting the distribution of bond stress urn = maximum bond stress which is a function of \/fa Jo = sum of the circumferences of the reinforcing elements The resistance R of the concrete area in tension At can be defined as: 
Cs
The concrete stretched area, namely, the concrete area in tension At for both the evenly distributed and non-evenly distributed reinforcing elements is shown in Fig. 5 .
With a mean value of f'tVL = 7.95 in this investigation, a regression analysis of the test data resulted in the following expression for the mean stabilized crack spacing: aC8 = 1.20 At/so (4) Fig. 6 gives the basic regression analysis plot for aC8.
Crack width
If Afg is the net stress in the prestressed tendon or the magnitude of the tensile stress in the normal steel at any crack width load level in which the decompression load (decompression here means f c = 0 at the level of the reinforcing steel) is taken as the reference point, 3 , 5 then for the prestressed tendon: ( 
ifs = fn.t -fd

5) where
f,^t = stress in the prestressing steel at any load level beyond the decompression load f,t = stress in the prestressing steel corresponding to the decompression load The unit strain e, = Of8/E3 since it is reasonable to disregard the unit strains in the concrete due to the effects of temperature, shrinkage and elastic shortening. 4 ' 5 Hence, the maximum crack width can be defined as:
where k and a are constants to be established by tests.
Alternatively:
Eq. (6a) is rewritten in terms of Of8 so that an analysis of the test data of all the simply supported test beams leads to the following expression at the 
.31 (7).
A 25 percent band of sc3tt-cv envelopes all the data for the expression. ir> Eq.. (7) for Af 9 20 to 80 ksi.
Linearizing Eq. (7) for easier use by the design engineer leads to the following simplified expression of the maximur crack width at the reinforcing steel level:
w. = 5.85 X 10-5 (A7 Io) Ofs (8a)
The maximum crack width (in.) at the tensile face of the concrete is given A plot of the data and the best fit expression for Eq (8a) is given in Fig. 7 with a 40 percent spread which is reasonable in view of the randomness of crack development and the linearization of the original expression of Eq.
(7)
. Tables 5 and 6 give the relation between the observed and theoretical crack widths at the reinforcing steel level as well as at the tensile concrete faces of the beams at net stress levels t f s of 30, 40, 60, and 80 ksi.
Deflection
Deflection computations under service load conditions will usually be necessary to ensure deflection serviceability in addition to crack control serviceability. Since the deflection which concerns the design engineer most is a service load condition, both the nncracked and cracked section properties are needed11,12 for the computations. An estimate of the magnitude of deflection can be made from the following equation:
where c is a constant depending on the loading and support conditions. Branson's generally accepted11,13,14 expression for the effective moment of inertia Ie is as follows: 7.5a/f. .
Eqs. (10) and (11) were applied to the deflection test results of 19 prestressed beams, 13 of which had additional non-prestressed tension steel. The range of application was from the cracking load level to 90 percent of the ultimate load. Fig. 8 gives a plot of the computed versus measured deflections for the short-term loadings applied in this investigation. It is noted that the degree of scatter is within a 20 percent band which can be considered fully adequate.
Discussion of Test Results
It is observed from this investigation that the initial flexural cracks started at a relatively low net steel stress level between 3 and 8 ksi. These initial cracks formed in a rather random manner and with an irregular spacing. All major cracks usually developed at a net steel stress level of 25 to 30 ksi.
At higher stresses the existing cracks widened and new cracks of narrow width usually formed between major cracks. A visibile stabilized cracking space condition was generally reached at 0.5 to 0.7 of the ultimate load. This investigation established that the maximum crack spacings after stabilization were close to twice the minimum possible spacings having a mean value of 2.02 and a standard deviation of 0.29. The effect of the variation of percentages of the non-prestressed steel was significant both on the crack spacing and the crack width.
For beams with non-prestressed steel, the number of flexural cracks was almost twice as many as those with no mild steel. These cracks were more evenly distributed, with considerably less spacing and finer widths. This behavior can be attributed to the fact that the bond of the mild steel to the surrounding concrete played a pronounced role in crack control.
A typical plot of the effect of the various steel percentages on the crack spacing at the various stress levels Of, is given in Fig. 9 . It is seen from this plot that the crack spacing stabilized at a net stress level of 36 to 40 ksi. The influence of the various parameters, particularly, the variation in the steel reinforcement percentages of the prestressing tendons and the non-prestressed steel on cracking and deflection of prestressed concrete T beams is given in Table 7 .
It is also observed that it is advantageous to locate the non-prestressed steel below the prestressed tendons. This is due to the fact that mild steel has larger diameters than the prestressing reinforcement, hence a larger bond area of contact with the surrounding concrete. Also, by placing the mild steel close to the tensile concrete face, cracks will be more evenly distributed, hence crack spacing and consequently crack width will be smaller.
The effect of the spacing of the stirrups on the crack spacing was not pronounced. It was found that the final crack spacing and crack pattern did not necessarily follow the vertical shear reinforcement. Even though the first few cracks usually started at the stirrups, the vertical legs of the stirrups served only as initial weak areas of Distance from compression fiber to the center of lAytr of mild reinforcing steel closest to tension fiber.
stress concentration. In most cases, the stabilized mean crack spacings were smaller than the spacings of stirrups. Based on these observations and the analytical results of this investigation it can be said that the proposed equations for crack and deflection control can be reasonably applied by the design engineer for maintaining the serviceability of pretensioned partially prestressed beams and girders under working load and overload conditions. Once the allowable crack width is established for the prevailing environmental conditions, the proper percentage of non-prestressing reinforcement can be determined to ensure serviceable behavior. Four design examples are given in the Appendix to demonstrate the applicability of the proposed crack width equations. The crack width at the outer face of the concrete is W'?vax = tom"Rt where R4 is the distance ratio.
2. Initial flexural cracks randomly form at irregular spacings at low net steel stresses of 3 to 8 ksi. All major cracks usually develop at a net stress of 25 to 30 ksi.
3. Visible crack spacing stabilizes at 50 to 70 percent of the ultimate load.
4. The presence of non-prestressed steel in the prestressed members has a significant effect on crack control such that the cracks become more evenly distributed and the crack spacings and widths become smaller.
5. An increase in the percentage of reinforcement decreases substantially the crack spacings and width in the partially prestressed beams.
6. For loads above the first cracking load, the deflections are smaller for prestressed concrete beams containing non-prestressing reinforcement than for a similar beam without non-prestressed reinforcement.
NOTE
Four numerical examples showing the applicability of the recommended crack width equations and a notation section, summarizing in alphabetical order the meaning of each mathematical symbol, appear on the next four pages.
APPENDIX-DESIGN EXAMPLES
The following design examples are prepared solely to illustrate the application of the preceding recommended crack width equations. In these examples it is assumed that the member geometry, load condition, stresses in tendons and mild steel have been defined. Consequently, the detailed moment and stress calculations are omitted. 
Example Al
Example A3
A prestressed concrete beam has an I section as shown in Fig. A3 . It is prestressed with twenty-four 7/16-in. diameter, 7-wire strand of 270-kip grade. The locations of neutral axis and center of gravity of steel are shown in the figure. f', = 5000 psi, E, = 57,000-v f' Es = 28,-000,000 psi.
Find the mean stabilized crack spacing and the crack widths at the steel level as well as the tensile face of the beam at -Af, = 20 ksi. Assume that no failure in shear or bond takes place. NOTE: From the comparison of crack width values at the tensile face of the concrete, it is noted that even at the high net stress p fs = 30 ksi, it is possible to reduce the crack width considerably for partially prestressed or overloaded beams with the addition of a few mild steel reinforcing bars.
For normal levels of net stress Af 8 under working load conditions up to 15 to 20 ksi, the crack width level that can develop at the tensile face using the criteria developed in this paper can become negligible. per in, deflection, in.
NOTATION
